The immune response to repeated antigenic stimtflation differs in a number of respects from the response to the initial exposure to immunogen. For example, several weeks (or even years) after the first injection, a second exposure to the immunogen often evokes an unusually vigorous response: the serum antibody concentration typically increases rapidly to reach and remain at a level higher than that attained after the primary stimulus (1-4). In addition, the antibodies produced in the secondary response often form more stable complexes with antigen than those formed at a comparable time after the first injection (5-9).
(Received for publication 27 July 1967) The immune response to repeated antigenic stimtflation differs in a number of respects from the response to the initial exposure to immunogen. For example, several weeks (or even years) after the first injection, a second exposure to the immunogen often evokes an unusually vigorous response: the serum antibody concentration typically increases rapidly to reach and remain at a level higher than that attained after the primary stimulus (1) (2) (3) (4) . In addition, the antibodies produced in the secondary response often form more stable complexes with antigen than those formed at a comparable time after the first injection (5) (6) (7) (8) (9) .
Recent studies of antibodies isolated from serum at various intervals after immunization with 2,4-dinitrophenylated proteins have shown that the affinity of these antibodies for simple dinitrophenyl haptens (expressed as the average intrinsic association constant) is greater the longer the period between immunization and bleeding, and the smaller the dose of immunogen (10) . These properties of the serum antibodies are the direct result of a sequential change in the nature of the antibodies synthesized by lymph node cells (11) . It seemed possible, therefore, that the affinity of the antibodies formed at any time after a single injection of antigen is inversely related to the amount of antigen remaining in the animal. Accordingly, we wished to determine the effect on antibody affinity of a second injection of antigen, given when the animal is already forming high affinity antibody in response to the initial stimulus.
In experiments reported here, it is demonstrated that the typical response to a second injection of antigen is a burst of synthesis of antibodies with much greater a /~i t y for the dinitrophenyl group than those formed at a comparable time after the primary immunization with the same dose of immunogen. Indeed, the earliest antibodies formed after restimulation are already high in affinity.
*A preliminary report of some of this work was presented at an annual meeting of the American Society for Microbiology, 27 April, 1965 27 April, (1966 Baaeriol R.ev. 80:383).
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RESULTS
Response to a Second Injection of A~tig~.--Prelirninary experiments indicated that rabbits immunized initiaUy with dinitrophenylated bovine ~-globulin in adjuvant formed large amounts of antibody in response to a second injection of the same antigen, again incorporated in adjuvant (Table I) . This is demonstrated by the vigorous antibody synthesis in cells taken from the regional lymph nodes of rabbit 1, as well as by the increase in the level of serum antibody
Rabbit
No.
Re~
Second injection* * The first injection, 5 mg DNP-BTG in complete adjuvant divided among the four footpads, was followed 10 wk later by the second injection as indicated. Axillary and popliteal lymph nodes were removed 1 wk after the second injection and the cells were pooled. Antibody concentration was measured in serum taken immediately before the second injection and at the time the lymph nodes were removed. Lymph node response is given in cpm 8H-protein (or 8H-anti-DNP antibody) per milliliter incubation medium (see reference 11).
Reference antiserum was obtained from rabbit 3 at the time the lymph nodes were removed. § In complete Freund's adjuvant; footpads and intramuscular.
[I In saline; intravenous and intramuscular.
in this rabbit. Moreover, the relative affinity of the antibodies secreted by the lymph node cells after the second injection was as high as that of the antibodies formed by the lymph nodes of a control rabbit that had not received a second injection. At about 10 wk after the initial injection, we have generally found that, although administration of dinitrophenylated B~G in complete adjuvant is consistently effective in bringing about a secondary response, injection of the same antigen in saline solution only occasionally results in increased antibody formation (e.g., Table I ). The extent of the secondary response is ordinarily determined b y comparing serum antibody levels before and after restimulation (1) (2) (3) (4) . In order to determine the affinity of the antibody that appears in the sentm as a result of the second stimulus, it is obviously necessary to separate the first and second injections by an interval that is long enough to ensure the virtual disappearance of the antibodies formed in response to the initial injection. However, in studying the antibodies synthesized by lymphoid cell suspensions, this necessity can be avoided by modifying the pattern of antigenic stimulation so that different sets of lymph nodes are maximally exposed to the first and second stimuli. The experimental design was based on the finding, consistent with earlier observations (13) (14) (15) , that antibody synthesis was most active in the lymph nodes draining the site of antigen injection. Thus, if antigen was injected in the rear feet only, the popliteal nodes were active in antibody production, whereas 0.91 * Each rabbit was injected with 2 mg DNP-B'yG evenly distributed among the four footpads. Axillary and popliteal lymph node cells were taken 10 days later from rabbit 4 and 12 days later from rabbits 5 and 6. ~; Reference antiserum was pooled serum obtained 10 days (rabbit 4) or 3 wk (rabbits 5 and 6) after immunization of other rabbits with DNP-BTG. the axillary nodes were almost completely inactive. If a second injection of antigen was then given into the front feet, virtually all of the antibody subsequently formed by the axillary nodes was produced in response to this second injection.
It is assumed in this experimental plan that the response of the axillary and popliteal nodes is intrinsically the same; the data in Table II indicate that this assumption is valid. Although there was some variation in response among the rabbits, in each case cells from the axillary and popliteal nodes formed similar amounts of 3H-protein and 3H-anti-DNP, after similar injections in front and rear footpads. Furthermore, the relative affinities of the antibodies produced by the axillary and popliteal nodes of each rabbit were about the same. In addition, it will be shown later that, in animals primed by injection of antigen in the rear feet, the subsequent injection of antigen in all four feet leads to the synthesis of antibodies of similar relative affinities in both the axillary and popliteal lymph node cells (see below, Table VI B).
The results of experiments in which the first and second injections of antigen were given in different sites are shown in Table III . The rabbits in group 1 received Img DNP-BTG in the rear feet followed, after 9 wk, by adjuvant alone in the front feet. 8 days after the second injection, the popliteal nodes were moderately active in the synthesis of antibody of high relative affinity. The axillary nodes, however, were quite inactive in accord with the observation that the distant nodes are usually less active in antibody formation than the nodes 14,000 0.19 * The first injection was complete adjuvant with or without 1 mg DNP-BTG. The second injection, also in complete Freund's adjuvant with or without 1 mg DNP-BTG, was given 9 wk (groups 1 and 2) or 8 wk (group 3) after the first. Lymph nodes were removed 8 days after the second injection. Each horizontal row represents results in a single rabbit.
The relative affinity was determined with respect to pooled antiserum obtained i1 wk after immunization with 2 mg DNP-BTG. The anti-DNP antibodies isohted from this serum had an average assodation constant for ~-DNP-T.-lysine in excess of 1 X 108 ~-a. When the 8H-anti-DNP cpm/ml are low compared to the relevant blanks, the relative affinity cannot be determined, and a dash is inserted.
draining the injection site (13) (14) (15) . Although the extent of antibody synthesis in the axillary nodes was insufficient to allow accurate determination of relative affinity, the small amount of antibody that was produced in these nodes appeared to resemble that formed in the popliteal nodes in its binding properties, i.e., to be high in relative affinity.
The rabbits in group 2 also received 1 mg DNP-B~,G in the rear feet but the second injection, 9 wk later, was in this case again 1 mg DNP-B3'G given in the front feet. 8 days after the second injection, the response of the popliteal nodes resembled that in group 1. However, the axillary nodes of these rabbits responded quite differently, producing copious amounts of antibody of high affinity for the dinitrophenyl determinant. For example, over 40 % of the total 8H-protein secreted by the a~dilary nodes of two of the rabbits was high affinity anti-DNP antibody. The comparable primary response is summarized by the response in group 3. These rabbits received an injection of adjuvant alone in the rear feet followed, alter 8 wk, by injection of 1 mg DNP-B~G in the front feet. 8 days after the second injection, there was a moderate response in the axillary nodes, but the antibody produced was low in relative affinity, quite different from that formed by the axillary nodes in group 2.
Since the relative affinity in the primary response had previously been shown to be related to antigen dose (11), the effect of increasing the amount of antigen in the second injection was investigated. Each of three rabbits was given 50 mg DNP-B~G in the front feet 8 wk after an initial injection of I mg of the same antigen had been given in the rear feet. 8 days after the second injection, the relative affinities of antibodies produced by ceils taken from the axillary lymph nodes were 0.63, 0.62, and 0.56 (compared to the same reference serum as that used in the experiments summarized in Table III) . These values, although lower than those usually found after a secondary injection of img of antigen (group 2, Table Ill), are nevertheless distinctly higher than the affinities in an early primary response.
Relative Al~nity of Antibodies Secreted Early in the Secondary
Response.--It was shown in an accompanying paper that the relative affinity of the antibodies synthesized and secreted by lymph node ceils gradually increases after immunization with dinitrophenylated bovine ~/-globulin (11) . Does such a sequential change also occur in the secondary response?
The experiments summarized in Table III indicated that, by 8 days after the second injection, the relative affinity of the secreted antibodies was already high with respect to an 11 wk antiserum (group 2). However, it seemed possible that in the secondary response the sequential change in affinity might occur more rapidly so that, by the 8th day after restimulation, high affinity antibody was already being formed. Accordingly, in another series of animals the interval between the second injection and removal of the lymph nodes was varied from 2 to 8 days. The results of these experiments (Table IV) indicate that as early as the third day after reinjection, the axillary nodes of one rabbit produced antibody of high relative affinity. At 4, 6, and 8 days after the second injection, all the rabbits produced large quantities of antibody of relatively high affinity. Thus the time-dependent affinity change characteristic of the primary response is either recapitulated in the secondary response not at all, or so rapidly that the earliest antibody detectable after restimulation is already high in affinity.
Persistence of tke Capacity to Give a Secondary Response.--That the capacity to respond to a second injection of DNP-B~/G with the accelerated formation of high affinity antibody may be retained for months or even years after primary immunization was shown by the experiments summarized in Table V . The first injection of antigen was given in all four feet and the second injection in either the front feet only (rabbits 25 and 26) or in the four feet (rabbits 27-30). As indicated by the response of the popliteal nodes of rabbits 25 and 26, antibody synthesis had almost ceased 12 months after the first injection. Therefore, virtually all of the antibody formed by the pooled nodes of rabbits 27-30, as well as that formed by the axillary nodes of rabbits 25 and 26, was produced in response to the second injection. The prompt formation of high affinity antibody The relative affinity was determined with respect to the same antiserum as in Table III. in response to reimmunization may occur even 28 months after the first exposure to antigen.
Variation of Antigen Dose in Primary
Immunization.--Although antibodies are produced in response to immunization with a broad range of doses of dinitrophenylated proteins, the lower limit for the production of circulating anti-DNP antibodies (>75 #g precipitating antibody per milliliter of serum) and for the detection of the lymph node antibody response, is in the neighborhood of 0.1 mg DNP-B'yG per rabbit. Nevertheless, the possibility was considered that small amounts of antigen, not apparently immunogenic if given in a single injection, might nonetheless prepare or "prime" the animal for a subsequent secondary response after restimulation with the same antigen (1, 16, 3, 4, 17) . Accordingly, rabbits were injected in the rear feet with amounts of DNP-BTG ranging from 0.1 #g to 1000 #g. The second injection, 8 wk later, was 1 mg of the same antigen given in the front feet. 8 days after the second injection, the axillary and popliteal nodes were removed, the secreted antibodies collected and the relative affinities determined.
The results of this experiment, summarized in Table VI A, indicate that the relative affinity of the antibodies produced after the second injection of antigen * In each case, the first injection was given in the four feet. The initial dose of DNP-BTG varied from 0.5 mg to 5 rag, except for No. 29 which received 100 rag. The second injection was 1 mg DNP-BTG given in the front feet only (Nos. 25 and 26) or 2 mg DNP-BTG divided between the front and rear feet (Nos. [27] [28] [29] [30] . Lymph nodes were removed 8 days after the second injection. Each horizontal row represents results in a single rabbit.
:~ The relative affinity was determined with respect to the same antiserum as in Table III. (axillary nodes) is apparently related to the dose given in the first injection. Those rabbits that received initially small doses of antigen (groups 4 and 5) reacted to the second injection with the synthesis of antibodies of relatively low affinity. Indeed, the response of the first rabbit in group 5 (first injection, 0.1 #g DNP-B3,G) to the second injection was indistinguishable from the response in the control group that had been given adjuvant only in the first injection. In contrast, those rabbits that were given larger initial doses of antigen (groups 1 to 3) responded to the second injection by forming antibodies of higher affinity. Similar results were obtained when the second injection was given in both the front and rear feet (Table VI B) . In this experiment, rabbits that received 100 #g DNP-B3~G in the rear feet as the first injection gave a vigorous secondary response of high affinity antibody when they were restimulated with 2 mg DNP-BqcG divided between the front and rear feet. Those rabbits that had been primed with 1/zg of antigen produced, after the second injection, antibody of slightly higher affinity than that produced by the control rabbits (group 6, Table VIA ). The priming effect of 10 #g was intermediate, with some scatter of relative affinity in the secondary response; despite considerable variation * The second injection, given 8 wk after the first injection, was 1 mg DNP-BTG given in the front feet. Lymph nodes were removed 8 days after the second injection. Each horizontal row represents results in a single rabbit.
:~ The relative affinity was determined with respect to the same antiserum as in Table III . § This control group received complete adjuvant only; it is the same as group 3 in Table HI. among the rabbits in this group, in most of the individual animals the affinity of the antibodies formed by the axillary and popliteal nodes was about the same. These data indicate that the administration of 1-10 #g of DNP-B~,G, too small a dose to elicit the production of detectable precipitating antibodies in the primary response, nevertheless prepares the animal for a partial secondary response characterized by the formation of antibodies of intermediate affinity.
A smaller dose (0.1 #g, Table VI A) does not appear to have any priming effect.
Specificity of the Secondary Response: Role of Carrier Protein.--The immuno-gen used in the initial studies was bovine T-globulin that had been extensively substituted with dinitrophenyl groups on lysyl residues. This modified protein precipitates poorly or not at all with antiserum prepared against native bovine v-globulin (our unpublished observations). Moreover, it has been shown that such preparations of DNP-B3,G provoke an antibody response directed mainly against the e-DNP-lysine moiety (18) . Few if any of the circulating antibodies react with the unsubstituted carrier protein, bovine ~/-globulin (20) . Accord- 0.25 * The second injection, given 8 wk after the first, was 2 mg DNP-B3'G divided between the front and rear feet. Lymph nodes were removed 8 days after the second injection. Each horizontal row represents results in a single rabbit.
The relative affinity was determined with respect to the same antiserum as in Table III. ingly, it seemed reasonable to inquire whether a secondary response would also be obtained if the booster antigen were another dinitrophenylated protein. Table VII A summarizes the results of experiments with DNP-hemocyanin as the second immunogen. The rabbits in group 1 were injected initially with DNP-B'yG in the rear feet and 8 wk later with DNP-hemocyanin in the front feet. The axillary nodes responded to the second injection with the production of large amounts of anti-DNP antibody, high in relative affinity. Indeed, the secondary response to DNP-hemocyanin was as striking as that to DNP-BTG, the homologous antigen. (Compare group 1 with group 2.) The response of group 3 indicates that the carrier protein, bovine "r-globulin, does not itself elicit a secondary response to the dinitrophenyl group. Moreover, injection of DNP-B~/G after administration of the carrier protein alone leads to a typical primary response to the DN-P group--i.e., to the formation of anti-DNP antibodies of low affinity 8 days after the second injection (group 4). Other controls (group 5) demonstrated that such a primary response is also obtained when DNP-hemocyanin is given after a preliminary injection of adjuvant alone. Since B~/G and hemocyanin would not be expected to have antigenic determinants in common, and indeed did not cross-react in double diffusion precipitin reactions, these experiments indicate that a secondary response may be elicited by the homologous hapten coupled to a protein not related to that used in the primary immunization.
Another series of experiments was carried out with dinitrophenylated human serum albumin as the second antigen (Table VII B) . In contrast to the results obtained with the hemocyanin derivative, DNP-HSA proved to be relatively ineffective in eliciting a secondary response after initial injection of DNP-BTG. Thus, when DNP-HSA was given in the front feet 10 wk after DNP-BTG had been injected in the rear feet, there was hardly any augmented response in the axillary nodes. In fact, the reaction resembled that of the control groups that received only adjuvant or only the homologous unsubstituted carrier protein as the second injection. (Compare group 1, Table VII B, with group 3, Table VII A, or group 1, Table III .) A marginal secondary response to 10 mg DNP-HSA ~; The relative affinity was determined with respect to the same antiserum as in Table III. was obtained in two out of four rabbits after 16 wk (group 2, Table VII B), but only when the interval between the first and second injections was increased to 28 wk (group 3, Table VII B) was there a moderate secondary response to DNP-HSA. Even here, the response was comparable to that after secondary injection of DNP-B~,G or DNP-hemocyanin in only one rabbit out of four. Since DNP-HSA elicited such a poor secondary response, the possibility was considered that it may be relatively ineffective as an inducer of anti-DNP antibodies. This proved to be the case. When a primary injection with DNP-HSA was followed by a booster injection with the same antigen, the amount of anti-DNP antibody formed by the lymph node cells was relatively small and the affinity for the DNP group was remarkably low (group 4, Table VII B).
Specificity o] the Secondary Response: Role of Hapten.--It was shown in the preceding section that a secondary response may be provoked by injection of an antigen that differs from that used in the primary immunization in the nature of the cartier protein to which the haptenic group is linked. It seemed possible that this flexibility in the specificity requirements might extend also to the hapten. Table VIII summarizes the results of an experiment in which the primary injection of a dinitrophenylated protein was followed after several months by the secondary injection of a trinitrophenylated protein (or conversely).
Group 1 received an initial injection of DNP-B-yG in the rear feet. 7 months later, when antibody synthesis in the popliteal nodes had almost ceased, an injection of TNP-B~,G was given, in some rabbits into the front feet alone, in others distributed between the front and rear feet. This second stimulus provoked an augmented synthesis of antibodies by the regional nodes. The specificity of these antibodies was investigated by the coprecipitation assay with high affinity anti-DNP and with high affinity anti-TNP reference antisera. The behavior in the assay of the 3H-antibody formed by the lymph node ceils of the rabbits in group 1 generally resembled that of the 8H-anti-DNP antibody of high affinity produced by the control rabbits of group 4, not that of the high affinity 3H-anti-TNP antibody in the control rabbits of group 5 (Table VIII) .
In group 2, the initial immunogen was DNP-hemocyanin and the second antigen was TNP-B~,G. Despite the variation in both the haptenic group and the carrier protein, a secondary response was once again obtained. After the second injection, the regional lymph nodes formed large amounts of antibody, again with the binding properties of high affinity anti-DNP antibody.
The order of the immunogens was reversed in group 3: DNP-hemocyanin was given after TNP-B~/G. These animals formed antibody of relatively high affinity for both the 2,4-dinitrophenyl and the 2,4,6-trinitrophenyl determinants. In two rabbits, there was slightly higher affinity for the TNP group, whereas the other two rabbits did not discriminate between the DNP and TNP groups.
Since the secondary response may be elicited by exceedingly small amounts of the homologous immunogen (21, 22) , it was important to evaluate the effect of any possible contamination of the dinitrophenylated proteins with trinitrophenyl groups or vice-versa. Evaluation was performed in experiments that will be reported in detail elsewhere? In brief, it was shown that whereas as little as 0.01 #g of TNP-B~,G (or of DNP-B~/G) was capable of eliciting a secondary response in rabbits immunized previously with DNP-BTG, 0.001 #g of DNP-B~G was not effective. Thus, if the cross-boosting effect were due to a DNP contaminant over 10% contamination would have been necessary; and this level was virtually excluded by thin layer chromatography in which no 2,4-Eisen, H. N., J. R. Little, L. A. Steiner, and E. S. Simms. Binding properties and some physical properties of anti-hapten antibodies formed in the secondary response. Manuscript in preparation.
dinitrobenzenesulfonate was detected (<0.25 mole/lO0 moles) in 2,4,6-trinitrobenzenesulfonate. ~ In the experiments reported here, the possible contribution of cross-contamination cannot be definitely excluded because of the relatively large mounts of antigen given in the second injection. However, by analogy with the experiments with smaller doses of antigen, it seems highly unlikely that antigenic impurity was responsible for the present results.
DISCUSSION
The anti-dinltrophenyl antibodies formed late in the immune response bind the dinitrophenyl determinant more firmly than do the antibodies produced in the early period after immunization. Moreover, the binding strength is usually greater the smaller the immunizing dose. These observations led to the suggestion that the affinity of the antibodies produced against the dinitrophenyl group is, at any time, inversely related to the amount of antigen remaining in the animal (11, 18) . However, the experiments described here indicate that the antibody affinity is not necessarily depressed by repeated exposure to antigen. A second injection of antigen given when high affinity antibody was being formed as a result of the primary immunization led to the rapid formation of large amounts of antibody, also of high affinity for the corresponding determinant.
The enhanced production of high affinity antibody in the secondary response is probably related to (a) the presence in the primed animal of a much expanded population of cells capable of responding to a second antigenic stimulus (23) (24) (25) (26) , and (b) the rapid elimination of antigen by antibody present as a result of the primary immunization, either free in the circulation or bound to cells (27) . Thus the dose of antigen may be effectively smaller than that actually administered. If, as discussed previously (11), antibody production is stimulated by the reaction of antigen with cellular receptors that have affinity for ligand similar to that of the antibody ultimately formed, then that fraction of the primed expanded cell population that can most effectively trap antigen by virtue of its high affinity receptors will be preferentially stimulated, and the resulting antibody will have high affinity for the antigenic determinants.
The possibility that very large amounts of antigen may depress the relative affinity of antibodies produced in the secondary response was nevertheless demonstrated in experiments in which the affinity after a booster injection of 50 mg DNP-B"~G was found to be lower than the affinity after a second injection of 1 mg of antigen.
Our results are consistent with earlier findings that after repeated antigenic stimulation antlsera form unusually stable complexes with the corresponding antigens (5) (6) (7) (8) (9) . Although a number of nonspecific factors may influence the interaction of antibodies with antigens, the stability of these complexes is probably largely the result of an increase in the affinity of the antibody-binding sites for the various antigenic determinants. Since the biological activity of antibody is a function of both its concentration and its affinity, the formation of large amounts of antibodies that combine avidly with antigen increases the effectiveness of repeated immunization, and is doubtless often of considerable protective value to the organism.
The ability of a second injection to elicit the rapid formation of high affinity antibodies in lymph nodes distant from the site of the first injection (e.g., Table III) indicates that the modified immunological responsiveness or "memory" is not confined to those portions of the lymphoid system that participated most vigorously in the primary response, but that it is disseminated throughout the animal, possibly by way of circulating antigen or competent ceils. However, several of the experiments reported here suggest that distribution of the antigen is not responsible for the priming of distant nodes. Thus, after the injection of antigen into the rear foot pads, the axillary nodes produced relatively little antibody, indicating that they had not received an effective antigenic stimulus (group 1, Table III ). Moreover, even if small amounts of antigen were to reach the axillary nodes, the priming efficiency of minute antigenic doses was shown to be negligible (Table VIA and B) . Therefore, since it has been clearly established that cells in the blood (28) and thoracic duct lymph (29) can mediate the secondary response, it seems probable that the dissemination of immunological information noted here is the result of circulation of cells that have been "primed" by contact with antigen at the local injection site. This view is also in accord with recent evidence that basophilic cells derived from the regional lymph nodes can propagate the immune response throughout the body (45) .
There is considerable evidence that one antigen prepares for an augmented response to another only if the two are structurally related (30) (31) (32) . Indeed, it has been suggested that the secondary response, in common with other immune reactions in which cellular receptors may participate (33) , is critically dependent on the nature of the carrier protein to which the haptenic groups are attached (34) (35) (36) (37) (38) (39) . For example, it has been found that the level of serum anti-DNP antibody increases after a second exposure to antigen only if the dinitrophenyl group is coupled to the same protein in the first and second injections (37) . With quite a different system, the stimulation by antigen of DNA synthesis in isolated lymph node cells, a similar requirement for identity between the primary and secondary antigens has been established (38) . These results seem at first to be at variance with the observations reported here, that DNP-hemocyanin can elicit a secondary response after immunization with DNP-B'IG. Had we, however, chosen borderline conditions for evoking the secondary response--such as a shorter interval between the two injections, or perhaps reducing the first or second dose---it is likely that we might also have observed a greater effect of the homologous antigen. Nevertheless, the present results show that carrier specificity is not an absolute requirement for eliciting the secondary response.
In contrast to DNP-hemocyanin, DNP-HSA was relatively ineffective in eliciting a secondary response in animals primed with DNP-B"rG. This observation raises the possibility that the potency of an antigen in eliciting a secondary response may be related not only to its similarity to the primary immunogen, but also to its immunogenicity. It has recently been reported that in the guinea pig, DNP-bovine serum albumin is less immunogenic than DNP-B"rG, both with respect to the amount and the affinity for hapten of the anti-DNP antibodies produced (40) . Our results, in rabbits, are similar (see group 4, Table VII B). In contrast, DNP-hemocyanin is at least as effective as DNP-B"rG as an inducer of anti-DNP antibodies (our unpublished observations). Hence, the difference between DNP-hemocyanin and DNP-HSA in our studies, as well as some of the variability in response to the several antigens in the work cited (34) (35) (36) (37) (38) (39) , may be related to the differing immunogenicity of these protein derivatives.
Other factors that may be important in determining the effect of the second antigen are the extent of substitution of the protein with haptenic groups (38) and the time interval between the two injections (41) . The proteins we have used as antigens were extensively substituted with dinitrophenyl groups. It is anticipated that the nature of the carrier would be of less importance in these antigens than in those that have fewer haptenic groups per carrier molecule. We have found that the ability of DNP-HSA to bring about a secondary response (in rabbits primed with DNP-B"rG) is augmented if the interval between injections is increased from 10 to 28 wk (Table VII B) .
Flexibility with respect to the nature of the haptenic group required to elicit a secondary response was demonstrated in the experiments summarized in Table VIII . After immunization with bovine "r-globulin or hemocyanin substituted with 2,4-dinitrophenyl groups, a second injection of bovine "r-globulin substituted with 2,4,6-trinitrophenyl groups led to the formation of large amounts of antibody by the regional lymph nodes. In the assay for relative affinity, the reaction of these antibodies with DNP-HSA and with TNPlISA was similar to that of antibodies produced in response to two injections of a dinitrophenylated antigen. Moreover, antibodies isolated from the serum of rabbits immunized with these antigens given in the same sequence resembled high affinity anti-DNP antibodies, rather than anti-TNP antibodies, in their fluorescence characteristics and in their binding of 2,4-dinitrophenyl and 2,4,6-trinitrophenyl determinants. 2 These results are reminiscent of the phenomenon known to virologists as "the doctrine of original antigenic sin." It was reported by Davenport et al. that, in an adult who is reexposed to an influenza virus, the antibody response tends to be directed against the dominant antigenic determinants of the strain of virus responsible for that individual's first childhood attack of influenza (42) . The antibody patterns in human sera thus form a serological recapitulation of the past prevalence of various strains of influenza virus. With a haptenic system, similar results were obtained by Dubert who studied the response of rabbits to conjugates of albumin with metanilic and sulfanilic acids (43) . After the injection of each conjugate, a secondary response could be elicited bythe other, but the resulting antibodies had higher affinity for the haptenic group given in the first injection than for the group that induced the secondary response.
In our experiments, somewhat different results were obtained when the sequence of exposure to the dlnltrophenyl and trinitrophenyl groups was reversed. The antibodies produced after immunization, first with TNP-B~,G and then with DNP-hemocyanin, combined almost equally well with the DNP and TNP groups. Since populations of anti-TNP antibodies contain molecules that differ in the ratio of their affinities for the 2,4-dinitrophenyl and 2,4,6-trinitrophenyl groups, 3 these results suggest that injection of a DNP antigen after a TNP antigen induces the preferential formation of that fraction of the anti-TNP population that also has relatively high affinity for the dinitrophenyl determinant. On the other hand, if the anti-DNP population were more restricted in its specificity, the reverse experiment (first DNP antigen, then TNP antigen) would yield antibodies that closely resemble anti-DNP, since a subset with relatively high affinity for the TNP group constitutes a negligible proportion of the anti-DNP population. 3 Indeed, a comparison of the reactions of the control 3H-antibodies in Table VIII with DNP and TNP antigens indicates that the anti-DNP antibodies distinguish more distinctly between the two related antigens (compare groups 4 and 5).
The selective stimulation of cross-reacting antibodies by a structurally related antigen has also been reported in a recent paper on the immune response to various strains of influenza virus (44) . It was shown that, in contrast to the antibodies produced in the usual primary and secondary responses, the crossreacting antibodies were relatively homogeneous with respect to binding; evidently, in these experiments, as in certain of those reported here (TNP-DNP sequence), the related antigen stimulated preferentially that relatively narrow sector of the primed cell population that was capable of producing cross-reactive antibody.
SugARY
In response to a second injection of rabbits with a dinitrophenylated antigen, given 2 months to 2 yr after the first injection, there was rapid synthesis of large amounts of antibody Mgh in relative affinity for the dinitrophenyl (DNP) determinant. The antibodies formed 3 days after restimulation were already high in affinity.
s Little, J. R., and H. N, Eisem Cross-reactions among antibodies to the 2,4-dinitrophenyl group and to the 2,4,6-trinitrophenyl group. Manuscript in preparation.
Amounts of antigen too small to elicit detectable antibody production may prime the animal for a partial secondary response characterized by the formation of antibody of intermediate affinity after a second antigenic stimulus.
Investigations into the specificity requirements for the secondary response indicated that variation in the carrier protein and in the haptenic determinant could be tolerated. Thus, after immunization with DNP-bovine ~,-globulin, DNP-hemocyanin elicited the vigorous production of high affinity anti-DNP antibodies. However, DNP serum albumin was much less effective: it elicited a secondary response in some animals primed with DNP-bovine T-globulin only when the interval between injections was increased from 10 to 28 wk. A secondary response was also evoked when the haptenic determinent of the second immunogen differed slightly from that of the one injected initially (i.e., 2,4,6-trinitrophenyl versus 2,4-dinitrophenyl).
